Until recently, a dedicated mitotic apparatus that segregates newly replicated chromosomes into daughter cells was believed to be unique to eukaryotic cells. Here we demonstrate that the bacterium Caulobacter crescentus segregates its chromosome using a partitioning (Par) apparatus that has surprising similarities to eukaryotic spindles. We show that the C. crescentus ATPase ParA forms linear polymers in vitro and assembles into a narrow linear structure in vivo. The centromere-binding protein ParB binds to and destabilizes ParA structures in vitro. We propose that this ParB-stimulated ParA depolymerization activity moves the centromere to the opposite cell pole through a burnt bridge Brownian ratchet mechanism. Finally, we identify the pole-specific TipN protein 1,2 as a new component of the Par system that is required to maintain the directionality of DNA transfer towards the new cell pole. Our results elucidate a bacterial chromosome segregation mechanism that features basic operating principles similar to eukaryotic mitotic machines, including a multivalent protein complex at the centromere that stimulates the dynamic disassembly of polymers to move chromosomes into daughter compartments.
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Until recently, a dedicated mitotic apparatus that segregates newly replicated chromosomes into daughter cells was believed to be unique to eukaryotic cells. Here we demonstrate that the bacterium Caulobacter crescentus segregates its chromosome using a partitioning (Par) apparatus that has surprising similarities to eukaryotic spindles. We show that the C. crescentus ATPase ParA forms linear polymers in vitro and assembles into a narrow linear structure in vivo. The centromere-binding protein ParB binds to and destabilizes ParA structures in vitro. We propose that this ParB-stimulated ParA depolymerization activity moves the centromere to the opposite cell pole through a burnt bridge Brownian ratchet mechanism. Finally, we identify the pole-specific TipN protein 1,2 as a new component of the Par system that is required to maintain the directionality of DNA transfer towards the new cell pole. Our results elucidate a bacterial chromosome segregation mechanism that features basic operating principles similar to eukaryotic mitotic machines, including a multivalent protein complex at the centromere that stimulates the dynamic disassembly of polymers to move chromosomes into daughter compartments.
Recent evidence suggests that Caulobacter crescentus and other bacteria use DNA partitioning (Par) systems related to those found in plasmids to segregate chromosomal origin regions on DNA replication. Par systems are found throughout bacterial species 3 and consist of three core components: 1) an origin-proximal centromeric DNA sequence, parS; 2) an ATPase ParA, hypothesized to provide the force for centromere segregation through dynamic polymerization; and 3) a mediator protein ParB, which binds to parS and is predicted to regulate and couple ParAinduced force to parS movement. In C. crescentus, ParA and ParB are essential 4 . Depletion of ParB, overexpression of ParA and/or ParB, extra parS sequences, or mutations in the ParA ATPase active site result in severe chromosome segregation defects [4] [5] [6] . Furthermore, the C. crescentus parS site has been identified as the functional centromere 6 , and blocking DNA replication initiation prevents translocation of the ParB-parS complex to the opposite cell pole 7 . In addition to the core Par components, C. crescentus uses a pole-specific protein PopZ to tether the parS region to the pole through direct interaction with ParB, which prevents reverse segregation of the ParB-parS complex 8, 9 . Together, these data suggest that the C. crescentus Par system, in cooperation with the polar PopZ network, mediates the active segregation and subsequent tethering of the parS region to the cell pole to initiate chromosome partitioning.
Despite a clear role in DNA partitioning, the mechanisms proposed for Par systems are diverse and largely hypothetical [10] [11] [12] [13] [14] [15] [16] . However, Par systems have several common features. Various ParA homologues have been shown to polymerize in vitro 10, 11, [16] [17] [18] [19] [20] . Dynamic pole-to-pole oscillation of ParA localization has been observed in vivo, and in some cases has been shown to require ATPase activity and the presence of both ParB and parS 10, 12, 13, 15, 19, [21] [22] [23] [24] [25] . Importantly, recent observations demonstrate a correlation between ParB movement and a retracting cloud-like localization of ParA during segregation 12, 15 , suggesting that a ParA structure 'pulls' ParB-parS complexes. However, the architecture of ParA assemblies, the molecular mechanisms by which these structures form and generate chromosomal movement, and the cellular components required to impart directionality to ParA-mediated segregation have yet to be established.
To examine the role of ParA and ParB in chromosome segregation, we replaced the C. crescentus chromosomal parA and parB genes with parAeyfp and cfp-parB, respectively, and used time-lapse microscopy to image synchronized cells. Initially CFP-ParB bound to parS formed a focus (red) at the old pole, as reported previously in live cells. Figure 1b shows representative epifluorescence and super resolution images of ParA-eYFP (green) and mCherry-ParB (red) in cells at different stages of parS progression towards the distal pole. We observed that ParA-eYFP molecules localized to a discrete linear structure ( A cell imaged before replication initiation (Fig. 1b, cell A) , shows a linear ParA-eYFP structure. Cells imaged during segregation (Fig. 1b, cell  B) show linear ParA-eYFP assemblies that frequently have the highest density of ParA localizations between the new pole and the segregating ParB-parS complex, reflecting at super resolution the retracting cloud-like ParA localizations in the epifuorescence images in Fig. 1a (Supplementary  Information, Fig. S1b ). Finally, cells imaged after the completion of parS segregation (Fig. 1b, cell C) show linear ParA structures that stretch from pole to pole, suggesting reorganization of the ParA structure after segregation. No ordered assemblies were observed when we imaged cytoplasmic eYFP alone, but linear ParA-eYFP structures were observed in cells after fixing with formaldehyde ( Supplementary Information, Fig. S1c ) and when ParA was fused to mCherry ( Supplementary Information, Fig. S1c ).
To further demonstrate the consistency between the epifluorescence and super resolution experiments, we reconstructed diffraction-limited images using the super resolution fitted localization data ( Supplementary  Information, Fig. S1d ) that matched well with the epifluorescence images (Fig. 1a) . We conclude that ParA-eYFP is assembled predominantly into a narrow linear structure oriented along the long axis of the cell, which could not be resolved with diffraction-limited microscopy.
The narrow linear structures of ParA-eYFP observed in vivo suggest that these structures consist of ParA polymers. We therefore purified ParA and measured multimerization using light scattering ( Supplementary Information, Fig. S2a ). ParA combined with ATP produced a rapid increase in light scattering, indicating polymerization (green). No increase in light scattering was observed in the absence of nucleotide, and ADP stimulated a slow increase (blue and red, respectively). We imaged ParA structures directly using negative-stain electron microscopy. When incubated without ATP, no ParA polymers were observed ( Supplementary Information, Fig. S2b ). However, in the presence of ATP, ParA formed linear polymers that were laterally bundled (Fig. 1c, upper and lower panels), as observed for other ParA homologues 10, 11, 16, 17, 19 . We performed a mutational analysis to determine the roles of ParA biochemical interactions in ParA localization. The proposed ParA biochemical pathway 18 is shown in Fig. 2a . Apo-ParA binds to ATP (Fig. 2a, top) , stimulating ParA homodimerization 18, 19 . The ATP-bound ParA dimer interacts with ParB, binds to DNA, or polymerizes 18, 19 . ParB stimulates ParA ATP hydrolysis 11, 19, 26 or nucleotide exchange 27 , releasing ParA as monomers (Fig. 2a, bottom) . We mutated conserved ParA residues to abrogate specific biochemical interactions ( Fig. 2a ; Supplementary Information, Fig. 2c -e) and observed the localizations in C. crescentus using fluorescence microscopy ( Fig. 2b) . Wild-type ParAeYFP localized as a retracting 'comet'-like structure (Figs 1a, 2b ). An ATP-binding mutant, ParA K20Q (ParA binding ) 12, 13, 18, 22, 23, 28 localized diffusely with puncta at the new pole (Fig. 2b) . A ParA dimerization mutant, ParA G16V (ParA dimer ) 18, 23, 29 , localized diffusely and in bipolar foci (Fig. 2b) , and an ATP hydrolysis mutant, ParA D44A (ParA hydrolysis ) 18, 29 , colocalized with ParB foci and in patches throughout the cell (Fig. 2b) . Localization of ParA proteins that contained a ParA binding mutation, combined with a ParA dimer or a ParA hydrolysis mutation, was identical to that of the ParA binding mutant alone ( Supplementary Information, Fig. S3f) . Similarly, localization of a ParA protein that contained a ParA dimer mutation, combined with a ParA hydrolysis mutation, was indistinguishable from that of the single ParA dimer mutant ( Supplementary Information, Fig. S3f) , consistent with the proposed hierarchy.
We assessed the role of nucleoid binding in ParA localization. We created a DNA-binding mutant, ParA R195E (ParA DNA ) 11, 25, 30 , and found that it localized exclusively in foci at the cell poles (Fig. 2b SPR analysis using an immobilized non-specific 162-nucelotide duplex DNA. ParA (375 nM) was first injected with ATP for 150 s (blue region) followed by buffer only for 150 s. Subsequently, 6His-ParB (1 μM dimer, red trace) or buffer only (green trace) was injected for 6 min (grey region) followed by buffer only. The blue trace shows a flow sequence in which no ParA was injected, followed by 6His-ParB (1 μM dimer), showing negligible non-specific DNA binding by 6His-ParB. The black trace represents a flow sequence lacking ParA and 6His-ParB. Response units (R.U.) are plotted against time (s).
L E T T E R S
Escherichia coli (Fig. 2c) , which does not contain a Par system 3 but has prominent nucleoid masses. In E. coli, ParA binding -eYFP, ParA dimer -eYFP and ParA DNA -eYFP all localized diffusely (Fig. 2c) . By contrast, wild-type ParA-eYFP and ParA hydrolysis -eYFP localized in patches along the nucleoid ( Fig. 2c and data not shown), supporting the requirements of ATP binding and dimerization for ParA interaction with DNA.
To directly examine the biochemical requirements for ParA interaction with ParB and with DNA, we used surface plasmon resonance (SPR). 
When we immobilized ParB and added ParA and ATP, we observed a rapid increase in response (Fig. 2d ). ParA injected with ADP or without nucleotide produced a minimal response (Fig. 2d) . We next immobilized the non-specific DNA duplex, parS-scr 8 , and assessed ParA association. ParA produced an increase in response when combined with ATP ( Fig. 2e) . On its own, or when combined with ADP, ParA produced a minimal response (Fig. 2e) , suggesting that ATP is required for ParA polymerization and its interaction with ParB and with DNA.
As ParA readily binds DNA in vitro and in vivo, we hypothesized that nucleoid-immobilized ParA structures move the ParB-bound centromere complex through ParB-stimulated dissociation of ParA subunits from the DNA. We examined the role of ParB in ParA dynamics by localizing ParA-eYFP in ParB-depleted cells. After ParB depletion, ParA localized uniformly throughout the cell, whereas dynamic ParA-eYFP structures were observed in cells not depleted of ParB (Fig. 3a) . In cells depleted of wild-type ParB, but expressing mCherry-ParB, ParA-eYFP localization was dynamic and led mCherry-ParB foci poleward (Fig. 3a) . However, expression of a ParA interaction-deficient mutant, ParB L12A (ref. 32 ; Supplementary Information, Fig. S3a ) produced static mCherryParB foci and diffuse ParA-eYFP localization (Fig. 3a) . To dissect the role of parS, we localized ParA and ParB in E. coli cells with and without a parS-containing plasmid. ParA-eYFP expressed with or without the parS plasmid localized to the nucleoid (Fig. 3b) . CFP-ParB expressed alone localized diffusely without parS, but formed foci in the presence of the parS plasmid (Fig. 3b) . Co-expressed ParA-eYFP and CFP-ParB localized similarly to the single expression strains without parS, but in the presence of parS, CFP-ParB formed foci and ParA-eYFP occasionally oscillated between nucleoids (Fig. 3b, c) . These results suggest that, in vivo, ParB clustered on parS stimulates the dynamic localization of ParA structures over the nucleoid.
We tested the effect of ParB on the stability of ParA-DNA complexes in vitro using SPR. When associated with a nonspecific DNA surface, ParA with ATP produced a rapid increase in response, followed by a slow dissociation with buffer only (Fig. 3d) . When ParB was injected during ParA dissociation, we observed an abrupt increase in response, indicating the formation of a ParB complex with DNA-bound ParA. Subsequently, the signal rapidly decreased to well below the ParA dissociation curve, indicating the dissociation of ParA from the DNA (Fig. 3d,  red) . Similar results were observed using gel shifts ( Supplementary  Information, Fig. S3b ). These data suggest that the ParB-parS complex moves relative to the ParA-bound nucleoid through simultaneous binding to and removal of ParA from the structure.
The C. crescentus ParA dynamics observed in E. coli suggest that ParA, ParB and parS are sufficient to assemble a dynamic machine. However, the polar localization of ParA mutants in C. crescentus (Fig. 2b) suggests that additional factors contribute to ParA localization. To identify polar interaction partners of ParA, we expressed the bipolar-localized ParA DNA -eYFP in strains with deletions in proteins known to localize to the new cell pole. In cells lacking the new pole protein TipN 1, 2 , we observed a decrease in the frequency of new-pole ParA DNA -eYFP foci (data not shown), suggesting that TipN is required to position ParA DNA . To examine the role of TipN in segregation, we visualized ParB-parS segregation in synchronized wildtype (JP138) and ∆tipN (JP141) strains. The JP138 strain had a similar efficiency of chromosome segregation as that observed for the parB::cfp-parB strain (Fig. 4a) . However, the ∆tipN strain showed predominantly partial parS segregation events (Fig. 4a) . Time-lapse imaging of ParA-eYFP and mCherry-ParB in ∆tipN showed that ParB-parS translocation paused frequently and reversed direction ( Fig. 4b; Supplementary Information,  Fig. S3c ). Reversal correlated with ParA redistribution to the opposite side of the ParB-parS complex ( Fig. 4b; Supplementary Information, Fig. S3c ). Therefore, TipN is required to maintain ParA-mediated parS translocation directionality towards the new pole.
To determine whether ParA and TipN interact directly, we developed an assay to screen for protein-protein interactions in E. coli. This assay used a peptide from the Shigella protein IcsA (IcsA 507-620 , hereafter referred to as IcsA) to localize proteins to the E. coli cell pole 33 , allowing colocalization studies with other fluorescent proteins. Full-length C. crescentus TipN fused to IcsA localized to the E. coli pole and recruited ParA DNA -eYFP (Fig. 4c) , whereas IcsA alone did not (data not shown). IcsA fusions to both the TipN N-terminal domain (TipN NTD , residues 1-207) and the C-terminal domain (TipN CTD , residues 205-888) also localized to the cell pole, but only the TipN CTD recruited ParA DNA -eYFP (Fig. 4c) . We assayed the direct interaction of ParA with immobilized TipN CTD in vitro using SPR. On addition of ParA and ATP, we observed an increase in signal corresponding to ParA binding that was specific for TipN CTD (Fig. 4d) . ParA and ADP, or no nucleotide, produced a lower signal than that observed with ATP (Fig. 4d) , suggesting that apo-ParA interacts directly with the C-terminal region of TipN, and that ATP augments the interaction.
Together, our data support a burnt-bridge Brownian ratchet model for Par-mediated chromosome segregation in C. crescentus (Fig. 5a, b) . In vitro, ParA formed linear polymers, but also interacted readily with DNA in vitro and in vivo, suggesting that ParA polymers may form either along the nucleoid or freely in the cytoplasm, or both, and bundle into a linear structure (Fig. 5a, vi) . In vitro, ParB removes ParA from DNA, consistent with our observations in vivo that ParB depletion or mutation quenches ParA dynamics, and that wild-type ParB complexes 'follow' a receding ParA structure. Thus, we propose that ParB stimulates the dissociation of ParA subunits from the ends of a ParA structure while remaining attached, moving the ParB-parS complex along a retracting ParA structure (Fig. 5a, vii) . The simultaneous interaction with, and dissociation of, the ParA structure may be explained by the association of multiple ParB proteins with the parS region 34, 35 . Thermal motion of the ParB-parS complex may be trapped by ParB binding to the ParA structure as the structure shortens, explaining the rectified diffusional motion observed for ParB complexes in Vibrio cholerae 36 . Finally, our data suggest that ParB-parS complexes move along a subset of fibres within the ParA bundle, as a less intense structure is often left behind the translocating ParB complex. Thus, ParA may be available for ParB-stimulated removal only when located at protofilament termini.
The C. crescentus Par system mobilizes the parS locus unidirectionally from the old pole to the new pole 37 , in contrast to the bidirectional movement observed for plasmid segregation 15 . One contributor to unidirectionality in C. crescentus is the polar protein PopZ, which tethers ParB-parS to the cell pole 8, 9 (Fig. 5b, i) to prevent reversals. Here we identify a new directionality factor for the C. crescentus Par system: the new pole-specific protein TipN 1, 2 . Without TipN, ParA localizes aberrantly, causing pauses and reversals in ParB-parS segregation. These defects observed in the absence of tipN may reflect secondary effects, such as on the MreB-associated cytoskeleton 1 . However, ParA and TipN interact directly in vitro (Fig. 4d) , suggesting a functional interaction in vivo. TipN might nucleate or stabilize ParA structures at the new pole (Fig. 5b, i) . Alternatively, TipN might simply provide a binding site for ParA to increase the local concentration and bias the insertion of free ParA molecules into the structure at the new pole. After segregation, the translocated ParB-parS complex is anchored to PopZ at the new pole (Fig. 5b, v) , while TipN is recruited to the division plane to remain at the new poles of the daughter cells to reset the cycle.
Overall, the basic operating principles that drive DNA segregation seem to be shared between prokaryotic and eukaryotic mitotic machineries. The bacterial ParB-parS complex shares functional and architectural similarities with the eukaryotic kinetochore complexes, as both associate with, and spread along, the centromere DNA region 38 . Both C. crescentus and eukaryotic kinetochores seem to use multivalent attachments to allow the simultaneous binding to, and depolymerization of, the polymers that guide their movement, reminiscent of the eukaryotic DamI-Ndc80 complex proposed to follow along depolymerizing microtubule ends 38 . Finally, polar TipN may function as a centrosome-like organization centre to bias the movement of retracting polymers towards the cell pole.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology/ Note: Supplementary Information is available on the Nature Cell Biology website.
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AuThoR ConTRibuTionS

M E T H O D S
METHODS
Bacterial strains and culture conditions. Culturing and manipulation of bacterial strains were carried out as described previously 31 . Information, Tables S2 and S3 . Specific details of strain construction, cloning and primer sequences will be provided on request.
Description of plasmids, cloning and bacterial strains. Descriptions of C. crescentus and E. coli strains and plasmids are provided in Supplementary
Construction of plasmids.
The oligonucleotides used for constructing the following plasmids are listed in Supplementary Information, Table 4 . For general subcloning PCRs, KOD Hotstart DNA polymerase (Toyoba) was used for amplification. For quickchange mutagenesis, Pfu Ultra (Stratagene) was used. Restriction enzymes and calf intestinal phosphatase (CIP) were obtained from NEB, and T4 DNA ligase from Fermentas. Unless otherwise stated, all point mutations were introduced using the Quickchange method (Stratagene).
The plasmid pJP9 contains the parA gene with carboxy-terminal eyfp under control of the xylose promoter for integration at the chromosomal xylX locus. The parA gene was amplified and cloned into the NdeI and SacI sites in pXYFPC 5 (ref. 41).
The plasmids pJP45, pJP47, and pJP49 are derivatives of pJP9 in which the mutations G16V, K20Q, and D44A, respectively, were introduced. The plasmids pJP52 and pJP53 are variants of pJP45 with the substitution D44A or K20Q respectively, and the plasmid pJP85 is a variant of pJP49 with the substitution K20Q.
The plasmid pJP58 is a high-copy replicating plasmid that carries the parA-eyfp E. coli gene under control of the vanillate inducible promoter. The parA-eyfp gene was cloned into the NdeI and XbaI sites of pBVMCS 4 (ref.
41)
The plasmid pJP80 allows the genomic replacement of the parA and parB genes with parA-eyfp and cfp-parB, respectively. The parA-eYFP gene was amplified from pJP9. The cfp-parB gene, including the intergenic region between parA and cfp-parB, was amplified from the C. crescentus strain JP2 (MT190; ref. 31 ). These PCR products were digested with XbaI and SphI and ligated simultaneously into the SphI site of pNPTS138 (M.R.K. Alley, unpublished).
The plasmid pJP88 is a variant of the plasmid pACYC-duet1 that allows the IPTG-inducible expression of ParA-eYFP. The parA-eyfp gene was amplified from pJP9 and cloned into the NdeI/XhoI sites of pACYC-duet1. A similar strategy was applied to clone the parA-eyfp genes that contained the desired mutations for plasmids pJP89, pJP94, pJP95 and pJP96, but using pJP50, pJP45, pJP47 and pJP49, respectively, as templates for PCR.
The plasmid pJP97 contains the parB gene with mcherry N-terminally fused under control of the vanillate-inducible promoter for integration at the chromosomal vanA locus. The parB gene was amplified from the plasmid pMT329 (ref.
31) and cloned into the KpnI and NheI sites in pVCHYN 2 (ref. 41).
The plasmid pJP102 is a low-copy replicating plasmid that carries a DNA sequence containing the double parS locus from the C. crescentus gidA promoter region cloned into the KpnI site of pRVMCS2 (ref.41).
The plasmid pJP108 is a derivative of pBad/HisA (Invitrogen) that allows arabinose-inducible expression of the protein fragment IcsA 507-620 with a C-terminal mCherry fusion, which localizes to the E. coli cell pole. The icsA 507-620 gene fragment was amplified and cloned into the NdeI/KpnI sites in pVCHYC 2 (ref. 41) to create the plasmid pJP104. The pBad/HisA vector and the icsA 507-620 -mcherry gene were amplified before both products were digested with HindIII and ligated to create pJP108.
The plasmids pJP110, pJP111, and pJP112 were created by PCR amplifying fragments of the tipN gene. These products were digested with KpnI and SacI and ligated into the KpnI/SacI sites of pJP108.
The plasmid pJP120 contains the tipN-CTD gene (residues 205-888) with an N-terminal 6His tag under control of the IPTG-inducible T7 lac promoter. The tipN-CTD gene was amplified and cloned into the NdeI and SacI sites in pET28a (Novagen).
The plasmid pJP131 contains the parB gene with mcherry N-terminally fused under control of the vanillate-inducible promoter for integration at the chromosomal vanA locus. The parB gene was amplified from the plasmid pMT329 and cloned into the KpnI and NheI sites in pVCHYN 5 (ref. 41) . The plasmid pJP133 is a derivative of pJP131 in which the mutation L12A was introduced using the quickchange primers listed in Supplementary Information, Table 4 .
To create the non-specific DNA duplex for SPR experiments in Fig. 3d, a 162 nucleotide region of the C. crescentus parB gene that does not contain a parS site was amplified using pJP97 as a template.
Protein expression and purification. For purification of native ParA, cultures of EG223 were grown at 37 ºC in Luria Bertani (LB) broth to and absorbance (A 600 ) of 0.6, cooled to 18 ºC and induced with 2 mM IPTG for 14 h. Pellets were lysed by sonication in Buffer LC (100 mM KCl, 20 mM Tris-HCl at pH 7.0, 1 mM CaCl 2 , 1 mM EDTA, 2 mM dithiothreitol (DTT)) with protease inhibitors, DNAase and lysozyme. The lysate was incubated at 4 ºC for 2.5 h to allow ParA to precipitate, and then spun at 125,000g for 30 min. The pellet was resuspended in Buffer LC + 700 mM KCl, and incubated overnight. Samples were spun at 125,000g for 30 min, and the supernatant recovered. This was warmed to 25 ºC, and spun at 360,000g for 40 min to preclear aggregates. MgCl 2 (20 mM) and ATP (10 mM) were added, and the solution incubated at 25 ºC for 45 min, then spun at 360,000g for 30 min. The glassy pellet was resuspended in Buffer F (500 mM KCl, 20 mM Tris-HCl at pH 7.0, 1 mM CaCl 2 , 1 mM EDTA, 2 mM DTT) + 5 mM EDTA, and pulled though a syringe tip, dialysed into Buffer F, and run on a Superdex S200 column in Buffer F. Peak fractions were combined with 50% glycerol and frozen at -80 ºC.
For purification of 6His-TipN CTD , eJP172 was cultured in LB containing kanamycin (kan) to A 600 of about 0.6, induced with 1 mM IPTG for 2 h at 37 ºC before pelleting at 8000g. Cell pellets were resuspended in lysis buffer (50 mM Hepes at pH 7.5, 500 mM NaCl, 5% glycerol, 0.5% Triton X-100, 10 mM imidazole, 0.1 mM EDTA, 20 μg ml -1 RNaseA, 1 mM PMSF, 1 mM DTT) with protease inhibitors (Roche), and passed twice through a French press (16,000 psi) before centrifuging at 20,000g 30 min. The supernatant was loaded onto a 1-ml Nickel HisTrap column (GE Healthcare), washed with 20 column volumes of wash buffer (50 mM Hepes at pH 7.5, 500 mM NaCl, 10 mM imidazole, 5% glycerol), and eluted using a linear gradient of imidazole from 10-500 mM in wash buffer at 1 ml min -1 . Pure fractions were dialysed into 50 mM Hepes at pH 7.5, 500 mM NaCl, 5% glycerol, and stored at -80 ºC.
Epifluorescence microscopy and image analysis. Imaging was carried out as described previously 6 . The data in Fig. 4a were counted by hand and represented as the mean percentage of cells observed at each stage 30 min after initiation of S phase. Error bars represent the standard error of the mean calculated from three independent experiments of > 400 cells per strain.
ParA-eYFP mutant localizations. C. crescentus strains were cultured to log phase in PYE containing oxytetracycline. Expression was induced by adding 0.3% xylose for 120 min at 28 ºC before imaging. E. coli strains were grown to A 600 of about 0.2 and induced with 0.1 mM IPTG for 60 min at 37 ºC before imaging.
Localization of the C. crescentus Par system in E. coli. E. coli BL21(DE3) strains eJP140 (no parS plasmid) and eJP142 (with parS plasmid) were cultured to log phase at 37 ºC in LB containing chloramphenicol/gentamycin (chlor/gent) and LB containing chlor/gent/kan, respectively. Cultures were induced by the addition of 0.1 mM IPTG and/or 0.04 μM anhydrotetracycline for 60 min before imaging.
IcsA assay for protein-protein interactions in E. coli. IcsA 507-620 -mCherry was used to localize TipN and fragments thereof to the cell pole in E. coli. The E. coli BL21(DE3) strains eJP157 (no TipN), eJP166 (TipN), eJP164 (TipN NTD , residues 1-207), and eJP 165 (TipN CTD , residues 205-888) were grown to log phase at 37 ºC in LB containing ampicillin/chlor. Protein expression was induced by the addition of 0.08% arabinose and 0.04 mM IPTG, and images were acquired about 0.5 h after induction.
Sample preparation for single-molecule imaging. C. crescentus strains were grown in M2G at 28°C for 2 days at log phase, induced with 0.15% xylose and 0.5 mM vanillate for 60 min, and swarmer cells were collected and resuspended in M2 medium on ice. An aliquot of swarmer cells was resuspended in M2G and deposited onto a 15 × 15 × 0.5 mm pad of 1.5% agarose (Sigma) in M2G mounted on a 35 × 50 mm glass slide (Fisher Finest). Fluorescent beads (1 nM) were added (Tetraspeck Microspheres, Invitrogen, 100 nm) as fiduciary markers. A 22 × 22 mm top coverslip was applied (Fisher) and the sample was sealed with wax. Samples were incubated at room temperature for 10-15 min, and imaged for a maximum of 20 min.
M E T H O D S DOI: 10.1038/ncb2083
Single-molecule fluorescence imaging. White light transmission and single-molecule fluorescence images were acquired with an Olympus IX71 inverted microscope equipped with an infinity-corrected oil immersion objective (Olympus UPlanApo, ×100, 1.35 NA) and detected on a 512 × 512 pixel Andor Ixon EMCCD at a rate of 35 ms per frame for ParA-eYFP and 100 ms per frame for mCherryParB. The general epifluorescence setup has been described previously 39 ; here the filters used were a dichroic mirror (Chroma, Z514RDC), a 530-nm long pass filter (Omega XF3082) for eYFP, and a 615-nm long pass filter (Chroma, HQ615LP) for mCherry. Two colour images were acquired sequentially. First, mCherry-ParB foci were imaged using 594-nm excitation light (Coherent, HeNe laser), and then the same sample was illuminated with 514 nm light (Coherent Innova 90 Ar .
Super-resolution imaging and analysis. Super-resolution images were obtained using image processing techniques published previously 40 . Briefly, the use of eYFP required initial bleaching until separated single molecules were observed. Then, for each 35 or 100 ms imaging frame, the position of the a single emitter was determined relative to a fixed fiducial by fitting the signal above background to a 2D Gaussian function using the nonlinear least squares regression function (nlinfit) in MATLAB (MathWorks). The super resolution structure images are the sum of all fitted positions, where the inherent fluorescent intermittency of eYFP allowed the continual sampling of the ParA fibre during the course of a typical experiment (60 s) without the need for reactivation. Integration times in the 35-100 ms range caused our images to reject quickly diffusing proteins. Finally, each single-molecule position was re-plotted using a custom macro written in ImageJ (http://rsb.info.nih.gov/ij/) as a 2D Gaussian profile defined by the measured integrated intensity and a width given by the average statistical error in localization of the centre (95% confidence interval, averaged over all singlemolecule localizations). Cell outlines were extracted by the derivative of the white light transmission image using a custom edge-finding macro in ImageJ. Supplementary Fig. S1c , log-phase cultures of the C. crescentus strain JP138 were induced to express ParA-eYFP and mCherry-ParB with 0.15% xylose and 0.5 mM vanillic acid for 60 min at 28°C. Cells were pelleted at 8000g 3 min at 4°C, resuspended in M2G with 4% formaldehyde for 10 min at ambient temperature, followed by 30 min on ice. Fixed cells were washed three times using equal volumes of cold M2G, and stored on ice before imaging.
Cell fixation/ fixed-cell super resolution imaging. For experiments in
Light scattering assays. Long-term storage of concentrated ParA (6-40 μM) was done in 500 mM KCl to avoid precipitation, and light scattering was carried out at this salt concentration to differentiate between polymer and aggregate formation. ParA was exchanged into Buffer F using a Nap5 column (GE Healthcare). Rightangle light scattering was measured using a digital K2 Fluorimeter at 320 nm at room temperature. An initial reading for 100 s was taken to establish the unpolymerized baseline, after which nucleotide and/or MgCl 2 was added. Light scattering signals were normalized to the 0-100-s baseline.
Negative-stain electron microscopy. Negative-stain electron microscopy experiments were performed in 20 mM Hepes pH7.5, 100 mM KCl, 2 mM MgCl 2 , supplemented where indicated with ATP at 1 mM and ParA at 1 μM. Reactions were incubated for 5-10 min at ambient temperature before processing. Samples were processed and imaged essentially as described previously 8 .
Surface plasmon resonance (SPR) experiments. SPR experiments were performed on a Biacore 3000 system at 25°C using a flow rate of 30 μl min -1 in Buffer HMK (20 mM Hepes/NaOH, 2 mM MgCl 2 , 100 mM KCl) and, where indicated, contained 1 mM ATP or ADP (Sigma). All proteins were dialysed into Buffer HMK before injection. Purified 6His-ParB and 6His-TipN CTD were indirectly immobilized to CM5 sensor chips through covalently coupled anti-6His antibodies. The biotinylated parS and parS-scr duplex DNA molecules were immobilized on a streptavidin-coated Sensor Chip SA (Biacore) according to the manufacturer's instructions. Data were corrected for non-specific interactions by subtracting the signal in a control flow cell that lacked immobilized ligand, and analysed using the BIAevaluation software (Biacore). For experiments in Fig. 2d , a biotinylated 162-bp non-parS containing PCR product was produced using primers (5΄-ccatgtccgaagggcgtcgtggt-3΄ and 5΄-attctagcggccgctcagcggaaggtccgacggggc-3΄), with pMT329 as a template, and were purified and immobilized as described above.
ParB depletion/ParA-eYFP localization experiments. The C. crescentus strain JP78 was grown to log phase in PYE containing kan/gent and 0.0625% xylose 4 , washed with 28°C PYE containing kan/gent, but lacking xylose, and resuspended in the same buffer. Cultures were grown for 5 h at 28°C to allow ParB depletion before splitting. Vanillic acid (0.25 mM) was added to one half, and both halves were incubated for an additional hour at 28°C to induce expression of ParA-eYFP. Before imaging, equal cell densities were collected and boiled in 2 × SDS sample buffer (125 mM Tris-HCl at pH 6.8, 20% glycerol, 5% SDS, 10% B-mercaptoethanol) for western blot analysis using antibodies raised against ParB 5 (data not shown) to confirm depletion.
ParB depletion, mCherry-ParB and ParA-eYFP addback experiments. The strains JP158 and JP159 were cultured to log phase in PYE containing kan/gent/ oxytetracycline with 0.0625% xylose, washed and resuspended in PYE medium lacking xylose. Cultures were grown for 5 h to allow ParB depletion before adding 0.5 mM vanillic acid, and cultured for an additional hour at 28°C to induce expression of ParA-eYFP and mCherry-ParB or mCherry-ParB L12A before imaging.
ParA-ParB interaction assay in E. coli. The assay takes advantage of the observation that ParA D44A (ParA hydrolysis ) colocalizes intensely with the parS-bound ParB complex in vivo, and mutations in ParB that disrupt this interaction should form parS-bound complexes that do not colocalize with ParA D44A -eYFP. Cultures of the E. coli BL21(DE3) strains eJP211 and eJP212, which carry a parS-containing plasmid, were cultured to log phase at 37 ºC, induced to express CFP-ParB (eJP211) or CFP-ParB L12A (eJP212) by the addition of anhydrotetracycline to 0.04 μM and IPTG to 0.1 mM and grown for an additional 30 min at 37 ºC before imaging.
Gel shift experiments.
A 162-nucleotide DNA probe was prepared by PCR from the C. crescentus parB gene. Purified PCR products were end-labelled with 32 P-γ-ATP. Binding reactions were assembled at room temperature in 20 mM Hepes/ NaOH at pH 7.5, 100 mM KCl, 2 mM MgCl 2 , and 2.5% glycerol, with DNA probe at 2.5 nM and 1 mM ATP or ADP. ParA was added to 625 nM, incubated at room temperature for 5 min before the addition of ParB (625 nM dimer) and/or unlabelled 185-nucleotide parS DNA (20 nM, or 75 μg ml -1 BSA (where applicable)). Reactions were incubated for an additional 5 min at room temperature before loading onto pre-cast, 4-15% non-denaturing PAGE gels (BioRad) and run in 1× Tris-borate buffer with 1 mM MgCl 2 . homodimer crystal structure bound to Mg 2+ (not shown) and ATP (stick representation) ( 18 , PDB ID: 2BEK). Shown is a magnified view of the active site of the chain A subunit of the Soj structure. The ATP is displayed in stick representation, and the Mg 2+ ion as a green sphere. Depicted in cyan/blue spheres is lysine20, which when replaced with glutamine 23 or alanine 18 produced an ATP binding defect in orthologous ParA proteins. Displayed in red spheres is the alanine residue replacing aspartate 44 (mutated to alanine in the Soj structure to prevent ATP hydrolysis) that coordinates the nucleophilic water via the carboxyl oxygen 18 . (e) Ribbon representations of chain A (yellow) and chain B (cyan) of the Soj ParA D44A homodimer crystal structure bound to Mg 2+ (not shown) and ATP (stick representation) ( 18 , PDB ID: 2BEK). The G16 residue that was mutated to valine to prevent dimerization (while allowing ATP binding) in each monomer is shown as a sphere and produces a steric clash between monomers upon ATP binding 18 . s u p p l e m e n ta r y i n f o r m at i o n www.nature.com/naturecellbiology
